Long-term cognitive impairment is common in survivors of critical illness. Little is known about the etiology of this serious complication. We sought to summarize current scientific knowledge about potentially modifiable risk factors during intensive care unit (ICU) treatment that may play a substantial role in the development of long-term cognitive impairment. All searches were run on October 1, 2017. The search strategy included Ovid MEDLINE, Ovid Embase, Ovid CDR, Cochrane Central Register of Controlled Trials and Database of Abstracts of Reviews of Effect, Scopus, and Web of Science, and included MeSH headings and keywords related to intensive care, critical care, and cognitive disorders. Searches were restricted to adult subjects. Inclusion required follow-up cognitive evaluation at least 2 months after ICU discharge. Studies assessing patients with cardiac arrest, traumatic brain injury, and cardiac surgery history were excluded. The search strategy resulted in 3180 studies. Of these, 28 studies (.88%) met our inclusion criteria and were analyzed. Delirium and duration of delirium were associated with long-term cognitive impairment after ICU admission in 6 of 9 studies in which this factor was analyzed. Weaker and more inconsistent associations have been reported with hypoglycemia, hyperglycemia, fluctuations in serum glucose levels, and in-hospital acute stress symptoms. Instead, most of the studies did not find significant associations between long-term cognitive impairment and mechanical ventilation; use of sedatives, vasopressors, or analgesic medications; enteral feeding; hypoxia; extracorporeal membrane oxygenation; systolic blood pressure; pulse rate; or length of ICU stay. Prolonged delirium may be a risk factor for long-term cognitive impairment after critical illness, though this association has not been entirely consistent across studies. Other potentially preventable factors have not been shown to have strong or consistent associations with long-term cognitive dysfunction in survivors of critical illness. 
L ong-term cognitive impairment after critical illness remains a significant public health burden. Each year, millions of patients are treated in intensive care units (ICUs) across the United States, and many of them end up being cognitively impaired. 1 The incidence of cognitive decline after critical illness has been highly variable (4%-64%) in different studies. [2] [3] [4] [5] Cognitive impairment after ICU admission can be greatly taxing to patients and their families, and it has enormous societal cost, with a total estimate of $18 billion per year. 6, 7 To date, a number of studies have evaluated the incidence of long-term cognitive impairment after critical illness. 8 However, risk factors, particularly preventable ones, are not well understood. We sought to summarize current knowledge about potentially modifiable risk factors during ICU treatment that may influence the development of long-term cognitive impairment.
PATIENTS AND METHODS
With the assistance of an expert librarian, we developed search strategies and applied them to Ovid MEDLINE, Ovid Embase, Ovid CDR, Cochrane Central Register of Controlled Trials and Database of Abstracts of Reviews of Effects, Scopus, and Web of Science. All searches were run on October 1, 2017. There were no restrictions on publication date; searches were restricted to adult subjects. The search strategy included MeSH headings and keywords related to intensive care, critical care, and cognitive disorders (Supplemental Table 1 , available online at http://www. mayoclinicproceedings.org). Each study abstract was evaluated independently by 2 investigators. We excluded studies in languages other than English, case reports and case series with less than 10 patients, animal studies, reviews, comments, editorials, letters to the editor, studies that assessed cognitive function only within 2 months of ICU discharge, and studies focused on patients admitted to the ICU because of cardiac arrest, traumatic brain injury, or cardiac surgery history.
To compare and reconcile independent evaluations, we used Covidence, an online tool for systematic reviews. 9 This software allows searches of abstracts and full texts to be uploaded and evaluated by each investigator blinded to the other evaluator's determinations. Disagreements are flagged for resolution. We resolved such cases using third reviewer adjudication. After screening abstracts, full texts were obtained and evaluated in the same way. We then abstracted data from each study using a standardized form. Because the primary aim of our systematic review was to evaluate potentially modifiable risk factors during the ICU stay, we focused on ICU exposures such as delirium and duration of delirium, mechanical ventilation and duration of mechanical ventilation; use of sedatives, analgesic medications, or vasopressors; extracorporeal membrane oxygenation; presence of in-hospital acute stress symptoms; blood product transfusion; blood loss; hematocrit level; hypoglycemia, hyperglycemia, and fluctuations in blood glucose levels; enteral feeding; hypoxia; and length of ICU stay. We used the Downs and Black checklist 10 to assess the quality of each included study.
RESULTS
Our search strategy identified 3180 studies. Of these, 28 studies met our inclusion criteria. Details are provided in a Preferred Reporting Items for Systematic Reviews and MetaAnalyses flow diagram shown in the Figure. Of the 28 included studies, 13 evaluated patients admitted to mixed (medical and surgical) ICUs, 6 included patients from medical ICUs, 7 studied patients from surgical or trauma ICUs, and the remaining 2 studies did not report the type of ICU. Study designs were prospective observational in 23 articles, retrospective in 3, case-control in 1, and randomized controlled trial in 1. Study design and characteristics are summarized in Table 1 . [11] [12] [13] The definition of cognitive impairment varied in different studies, and there was a wide range of neuropsychological tools used to evaluate cognitive function (Table 1) . Most of the studies performed both univariate and multivariate analyses adjusted for age and severity of acute illness. Outcome data for exposures are summarized in Table 2 . Quality assessment is provided in Supplemental d High-quality research on a large cohort of critically ill patients is necessary to better characterize potentially modifiable risk factors for persistent cognitive impairment after ICU hospitalization.
under investigation and the outcome as well as in the selection of the reported results.
Delirium and Duration of Delirium
Acute delirium in the ICU has been highlighted as a predictor of subsequent cognitive impairment in several studies. Pandharipande et al 29 assessed 448 ICU patients diagnosed with respiratory failure, septic shock, or cardiogenic shock with cognitive evaluations 3 months after ICU discharge. A total of 382 patients survived and were reevaluated at 12 months. A significant proportion of patients remained cognitively impaired both at 3 and 12 months after ICU discharge (66% and 58%, respectively), and longer duration of delirium was found to be independently associated with worse cognitive performance at 3 and 12 months in tests of global cognition (P¼.001 and P¼.04) and executive function (P¼.004 and P¼.007).
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A high rate of delirium during the ICU stay (84%) was reported in a prospective study conducted in 77 ICU patients with in-person cognitive evaluation by an expert 3 months and 12 months after ICU discharge. Duration of delirium was an independent risk factor for cognitive decline at both time points. After adjusting for preexisting cognitive impairment, age, severity of illness, education, severity of sepsis, treatment group, and total exposure to sedatives, longer duration of delirium was still associated with worse cognitive performance.
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A 2-center prospective cohort study found that patients with longer duration of delirium had a greater degree of brain atrophy on magnetic resonance imaging obtained 3 months after discharge as well as worse cognitive performance at 12 months follow-up. 18 van den Boogaard et al 35 compared 171 patients who experienced delirium during the ICU stay with 745 ICU patients who had not developed delirium. Patients who experienced delirium exhibited worse performance in all cognitive dimensions. After adjusting for covariates, the difference between the groups remained significant.
35 Acute brain dysfunction during chronic critical illness, defined by the placement of tracheostomy tubes after at least 10 days of difficulty weaning from mechanical ventilation, was shown to be substantially associated with an increased risk of long-term cognitive impairment (odds ratio, 2.14; 95% CI, 1.02-4.52) in 1 prospective cohort study. 17 Delirium in the ICU was positively associated with impaired information processing speed and executive functioning 6 months after discharge in adult ICU survivors who were ventilated for more than 12 hours during their ICU hospitalization. 26 However, not all studies have found an association between delirium and subsequent cognitive impairment. Davydow et al 13 did not find a significant association between delirium and worse cognitive performance in 120 nontraumatic ICU patients who completed a Modified Telephone Interview for Cognitive Status 12 months after discharge. In another study conducted in 108 patients who completed a comprehensive battery of neuropsychological tests 12 months after discharge from a trauma ICU, delirium during ICU hospitalization (present in 23.2% of the patients) was not associated with longterm cognitive impairment. 24 In unselected population of 413 ventilated and nonventilated ICU patients, delirium did not seem to contribute the development of long-term cognitive impairment. 12 
Mechanical Ventilation and Duration of Mechanical Ventilation
The influence of mechanical ventilation during ICU hospitalization on long-term cognitive impairment was inconsistent across studies. Of the 28 studies included in our analysis, 14 evaluated the influence of mechanical ventilation on long-term cognitive impairment after ICU admission. Twelve of these studies did not find any significant association. [2] [3] [4] 11, 13, 18, 21, 24, 25, [32] [33] [34] Only 2 studies reported an association between mechanical ventilation and cognitive impairment. In a prospective observational study that evaluated 108 trauma ICU patients without evidence of intracranial hemorrhage, 57.4% of the patients were mechanically ventilated for a mean duration of 3.4 days. Duration of mechanical ventilation was shown to be significantly longer in patients with worse cognitive outcomes (P¼.004). 30 In a retrospective study conducted in 66 acute respiratory distress syndrome (ARDS) survivors, intubation time longer than 23.6 days increased the odds of cognitive impairment by 1.8 times in multivariate analysis. 18 Use of Sedatives or Analgesic Medications Sedation and analgesia did not appear to influence the risk of long-term cognitive impairment. Pandharipande et al 29 did not find a consistent association between the use of sedatives or analgesic medications and cognitive impairment 3 and 12 months after ICU discharge. In a single-center randomized trial that compared 89 patients managed according to a protocol of daily sedation holidays paired with spontaneous breathing trials against 91 patients receiving usual care (patient-targeted sedation), the cognitive scores at 12 months follow-up were similar in both groups (P¼.61). 23 The use of vasopressors, 25 benzodiazepines, opioids, antipsychotic agents, and antidepressant drugs did not play a significant role in the incidence of cognitive decline in 120 nontraumatic ICU patients. 13 In-Hospital Acute Stress Symptoms (Posttraumatic Stress Disorder Checklist e Civilian Version) The Modified Telephone Interview for Cognitive Status was used to evaluate a cognitive function in 120 nontraumatic ICU survivors 12 months after ICU discharge to assess the role of in-hospital acute stress symptoms in the development of cognitive impairment. The 17-item Posttraumatic Stress Disorder Checklist e Civilian version was used to evaluate the presence of in-hospital acute stress symptoms such as intrusive thoughts, nightmares, avoidance of thoughts, emotional numbing, impaired sleep, and hypervigilance. The investigators concluded that the presence of in-hospital acute stress symptoms was an independent risk factor for long-term cognitive decline (P¼.03). 13 Blood Product Transfusion, Blood Loss, and Hematocrit Level Davydow et al 13 did not find any significant correlation between blood transfusion and persistent cognitive impairment in general ICU patients. Similarly, blood loss did not appear to have any effect on the risk of subsequent cognitive impairment in patients admitted to a trauma ICU. 3 Meanwhile, another study in trauma patients found that hematocrit level in the emergency department (P¼.03) and blood transfusion during the first 24 hours (P¼.04) were more common in patients who subsequently had cognitive decline impairment. Hypoglycemia, Hyperglycemia, and Fluctuations in Glucose Levels Glucose levels have been associated with cognitive impairment after the ICU stay in a few small studies. Duning et al 5 compared 37 ICU patients with hypoglycemia vs 37 matched controls without hypoglycemia to assess the influence of low serum glucose levels on long-term cognitive impairment. The results indicated that cognitive impairment was persistent in both groups, but cases performed worse in visuospatial skills (P¼.01). Interestingly, hyperglycemia and fluctuations in blood glucose levels were significantly associated with worse outcomes in the same domain (P<.005 and P<.008, respectively). 5 A retrospective study conducted in 66 ARDS survivors found that blood glucose dysregulation, in particular moderate hyperglycemia, was associated with long-term cognitive impairment. Having a blood glucose level greater than 153.5 mg/dL (to convert to mmol/L, multiply by 0.0259) during ICU hospitalization was associated with a greater likelihood of having long-term cognitive impairment after ICU discharge. 18 
Hypoxia
Mikkelsen et al 25 compared acute lung injury survivors who developed cognitive impairment (n¼41) with those who remained cognitively well (n¼34) 12 months after ICU discharge. Lower partial pressure of oxygen during ICU admission was detected in patients with cognitive impairment (P<.02). 25 A small study by Hopkins et al 20 reported a significant correlation between cognitive impairment and hypoxemia in 17 ARDS survivors who experienced generalized cognitive decline 1 year after discharge. Yet, the same group of researchers later put into question the relationship between degree of acute hypoxemia and subsequent cognitive decline. When comparing the mean duration of oxygen desaturation less than 90% between 30 ARDS ICU survivors with cognitive impairment and 39 ARDS ICU survivors without cognitive impairment, they did not find any significant difference (110.6 and 113.8 hours, respectively) (P¼.89). 19 Furthermore, although evaluating the influence of hypoxemia on neurocognitive sequelae in ARDS survivors 2 years after ICU discharge, they did not find any significant correlation and suggested that this may be due to cognitive recovery over time. 21 Length of ICU Stay Studies published so far have shown contradictory results on the relationship of the length of stay in the ICU and cognitive decline. Hopkins et al 18 reported that a total length of stay in the ICU longer than 27.4 days was associated with 2.7 times higher odds of cognitive decline. The length of stay in the ICU correlated with the degree of difficulty in problem solving 2 months after discharge in another small prospective study. 19 Conversely, most of the other studies did not find significant associations between the length of ICU stay and cognitive dysfunction. 2, 4, 20, [31] [32] [33] DISCUSSION Long-term cognitive impairment after critical illness is a challenging research and clinical problem. To date, many studies have discussed this topic, yet little is truly known about potentially preventable risk factors for this disabling complication.
Our review shows that delirium, particularly when prolonged, may be associated with an increased likelihood of persistent cognitive impairment after ICU hospitalization. Of the 9 studies that assessed the role of delirium in cognitive impairment, 6 reported a significant association. [15] [16] [17] 26, 29, 35 Evidence linking other potentially preventable ICU factors with longterm cognitive impairment is much weaker or even more inconsistent. Because delirium is a significant and independent risk factor for developing cognitive impairment, putting an effort to prevent delirium in the ICU may be an important prevention strategy.
For instance, mechanical ventilation and duration of mechanical ventilation were not significantly associated with cognitive impairment after critical illness in many studies, [2] [3] [4] 11, 13, 20, 26, [32] [33] [34] but still 2 studies found positive associations. 18, 30 One of them emphasized the influence of long duration of mechanical ventilation (>23 days), 18 yet 2 other studies did not find such correlation. 13, 22 Most of the studies did not find an association between the length of ICU stay and cognitive dysfunction.
2,4,20,31 -33 Dysglycemia has been reported to be associated with subsequent cognitive decline, but the studies supporting this association are small and methodologically limited. 5, 18 Multiple other evaluated factors were not found to influence the likelihood of post-ICU cognitive impairment, including use of sedatives and analgesic medications, extracorporeal membrane oxygenation, trophic feeding, intraoperative hypotension, and hypoxia. 12, 23, [28] [29] [30] 32 Although our study focused on the influence of potentially modifiable risk factors during critical illness on long-term cognitive impairment after discharge, it is pertinent to note that nonmodifiable factors, such as age, level of education, comorbidities, severity of illness and injury, and sepsis, can affect the risk of cognitive impairment. Age was significantly associated with long-term cognitive dysfunction in a prospective cohort study of 167 survivors of chronic critical illness. 17 Yet, age was not significantly associated with cognitive impairment in several other studies. [2] [3] [4] 22, 29, 31, 32 Data on the relationship of age with cognitive impairment after ICU admission needs to be interpreted with caution because the higher rates of mortality in older patients may create a form of selection bias, by which only patients at lower risk of cognitive impairment get to survive. The severity of acute illness assessed by Sepsisrelated Organ Failure Assessment, Acute Physiologic and Chronic Health Evaluation II, or Simplified Acute Physiology score did not appear to influence the risk of long-term cognitive impairment in most of the studies published so far. 2, 4, 13, 31, 32 However, Acute Physiologic and Chronic Health Evaluation II score was associated with long-term cognitive decline in 1 study of 108 survivors of chronic critical illness. 17 In a large cohort of subjects who underwent serial cognitive evaluation, Iwashyna et al 36 found that hospitalization for severe sepsis (though not necessarily in the ICU) was associated with new moderate or severe cognitive impairment.
The literature on cognitive impairment after critical illness has marked limitations. None of the articles had addressed all issues, making it tough to draw effective conclusions. Chief among them is the lack of baseline assessment of cognitive function before ICU hospitalization in most studies. Most of the studies were also likely underpowered to assess for associations between possible risk factors and cognitive outcomes reliably. The discrepant results across studies may in part be caused by variable cognitive assessments, in terms of both definitions and timing. Also, most of the studies do not permit discrimination between transient and persistent cognitive impairment because they do not provide information on serial cognitive examinations at various times after discharge from the ICU. Overall, the included studies had moderate risk of bias, mostly related to limitations in the measurement of the examined variables and the end point as well as in the selection of the results reported.
CONCLUSION
The influence of potentially modifiable risk factors during ICU treatment on long-term cognitive impairment needs further investigation. Available evidence suggests that prolonged delirium is the potentially modifiable factor most strongly associated with post-ICU cognitive impairment. Yet, the literature on this important clinical problem is generally suboptimal and the results are inconsistent across studies. High-quality research on a large cohort of critically ill patients is necessary to better characterize potentially modifiable risk factors for persistent cognitive impairment after ICU hospitalization.
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